The relativistic field theory model of the deuteron suggested by us previously is applied to the calculation of the reaction rate of the low-energy two-proton fusion p + p → D + e + + ν e . The theoretical prediction of the reaction rate obtained is 2.9 times larger than given by the potential approach. This leads to a strong suppression of the high energy solar neutrino fluxes.
Introduction
The solar neutrino problem has its origin in the strong discrepancy between predictions of the Standard Solar Model (SSM) [1, 2] and the observed solar neutrino fluxes [2] .The experimental solar neutrino fluxes turned out substantially less than that predicted by SSM [1] [2] [3] .
One of the solution of this problem is to lower the temperature in the center of the Sun in comparison to that predicted by the SSM: T c = 1.55 × 10 7 K [1, 2] . Indeed, due to strong dependence of the solar neutrino fluxes on T c just a 20÷30% diminishing of T c leads to a decrease of the neutrino fluxes by more than in order of magnitude [3] .
In order to reduce T c one can resort to the change of physical and chemical phenomenological inputs which determine the structure of the star [3] . We will not enumerate here all of them, and relegate the reader to Ref. [3] . We just pick up the temperature associated with the magnitude of the reaction rate of the low-energy two-proton fusion, i.e., p + p → D + e + + ν e . Since the solar luminosity should be kept constant, an enhancement of the reaction rate magnitude of the two-proton fusion implies a lower T c .
The low-energy electroweak model and non-relativistic approaches, having been applied to the computation of the contribution of strong interactions to the matrix element of the p + p → D + W + transition does not leave a room for the substantial change of the cross section magnitude [1, 2, 4, 5] . As has been noted in Ref. [3] they differ from the mean value by no more than 3 %.
Recently we have suggested a phenomenological relativistic field theory model of the deuteron [6, 7] . In the relativistic field theory model of the deuteron the strong interactions of particles are described by one-nucleon loop diagrams. In Ref. [7] we have computed the cross section of the radiative proton-neutron capture n + p → D + γ for thermal neutrons and the cross section of the two-proton fusion p + p → D + e + + ν e . In the case of thermal neutron radiative capture our result agrees well with the experimental data and the non-relativistic potential approaches. However, in the case of the two-proton fusion we have found an enhancement of the reaction rate by a factor of 2.9 with respect to the non-relativistic potential approaches [1, 2] . This result is due to our model approach using one-nucleon loop diagrams for the description of strong low-energy interactions of the deuteron to other particles. It is well-known that such fermion-loop diagrams should possess anomalies [8] [9] [10] [11] [12] . As usually, these anomalies dominate for the amplitudes of strong low-energy interactions of hadrons [8, [13] [14] [15] . In the case of the two-proton fusion we encounter the dominance of the anomaly of the AAV one-nucleon loop diagrams, that is the diagrams having two axial-vector and one vector vertices. Such an anomalous contribution produced by vacuum fluctuations of virtual nucleons has completely a quantum field theory nature and cannot be restored within the potential approach describing strong low-energy interactions in terms of the overlap integral of the wave-functions of the protons and the deuteron. The result of the computation of the AAV-anomaly depends on the shift of the virtual nucleon momentum. This is similar to the well-known Adler-Bell-Jackiw-Bardeen anomaly [8, 9] described by the AVV-fermion diagram. This ambiguity can be fixed by the requirement of gauge invariance under gauge transformations of the deuteron field. This is similar to the removal of the ambiguity appearing for the computation of the AVV-anomaly.
The paper is organized as follows. In Sect. 1 we adduce the computation of the cross section and the reaction rate of the two-proton fusion p + p → D + e + + ν e [7] . In Sect. 2 we apply the obtained cross section to the discussion of the solar neutrino problem. In the conclusion we discuss the obtained results.
Cross section of two-proton fusion
In the relativistic field theory model of the deuteron the effective Lagrangian describing strong interactions of the deuteron with nucleons reads [6, 7] 
where D µ (x), p(x) and n(x) are the interpolating fields of the deuteron, proton and neutron, respectively,
MeV is the mass of the proton and neutron, and ε D is the binding energy. In our approach ε D is given by [6, 7] ε D = 20 9
The phenomenological coupling constant g V is connected with the electric quadrupole moment of the deuteron Q D by the relation
By using the experimental value (Q D ) exp = 0.286 fm 2 [16] and M D ≃ 1876 MeV one can estimate the value of g V with g V = ±11.3. Without loss of generality one can use the positive sign, i.e., g V = 11.3 [7] . The quantity Λ D = 64.843 MeV is the 3-dimensional cut-off in one-nucleon loop diagrams. The magnitude of Λ D is obtained by the fit of the binding energy ε D = 2.225 MeV [16] . We identify 1/Λ D with the effective radius of the deuteron [6, 7] . At Λ D = 64.843 MeV we get r D = 1/Λ D = 3.043 fm [7] , which agrees well with the average value of the deuteron radius, i.e., < r > = 3.140 fm [17] .
First, for the computation of the effective Lagrangian describing the low-energy ppscattering we perform keeping the one-pion-exchange contribution
Here we have denoted g πNN (v) = g πNN C(v) and C(v) = 2πα/v exp(−πα/v), v is a relative velocity of interacting protons, which takes into account the Coulomb repulsion between protons at low energies [4] . Applying the Fierz transformation we bring the Lagrangian (2.4) to the form 
Here g W is the electroweak coupling constant connected with the Fermi constant G F = 1.166 −5 GeV −2 and the W-boson mass M W by the relation [18, 19] 
where g A = 1.260 ± 0.012 is the axial-vector coupling constant [16] describing the renormalization of the weak axial-vector hadron current by strong interactions.
gives in our approach the main contribution to the amplitude of the transition p + p → D + W. The corresponding one-nucleon loop diagrams are depicted in Fig. 1 .
The effective Lagrangian defined by the diagrams in Fig. 1 is given by
The momentum integralJ αµν (k 1 , k 2 ; Q) defines the structure of the effective Lagrangian, the 4-vector Q = a k 1 + b k 2 describes an arbitrary shift of the virtual momentum of the nucleons in the diagram in Fig. 1 . The parameters a and b are free. It should be emphasized that a and b are not phenomenological parameters of the model, they appear only due to the properties of fermion-loop diagrams under the shift of virtual momenta [8, 11, 12] .
Keeping only the anomalous part of the momentum integral [13] [14] [15] and the leading order of the expansion in the powers of the momentum k 2 coinciding with the momentum of the leptonic pair that is soft, removing then ambiguities connected with the shift of the virtual momentum by the requirement of the gauge invariance under gauge transformations of the deuteron field, we arrive at the structure function [7] 
The effective Lagrangian defined by the structure function (2.10) is given by [7] L Fig.1 
In turn the effective Lagrangian describing the low-energy process p + p 12) where
is the leptonic electroweak current. In the low-energy limit when the 3-momenta of protons tends to zero the effective Lagrangian (2.12) can be reduced to the expression
where we have used the relations
(2.14)
that are valid in the limit of low 3-momenta of protons and the deuteron. The amplitude defined by the effective Lagrangian (2.13) reads 15) whereū(k ν ) and v(k e ) are the Dirac bispinors of the neutrino and positron. For convenience we have separated the factor C(v) describing the Coulomb repulsion. The amplitude Eq. (2.15) takes into account only the contribution of the one-pion exchange. Since at low energies the pp-system is in the 1 S 0 state with the isospin equal T = 1, there is the contribution of the pole on the unphysical sheet. Following the computation of the cross section of the radiative neutron-proton capture [7] and normalizing the contribution of the pole on the unphysical sheet to the 1 S 0 pp-scattering length a S we get
The experimental value of a S is given by a S = (−17.1 ± 0.2) fm [16] . For the correct description of the strong low-energy pp coupling to the deuteron the amplitude Eq. (2.16) should be unitarized [7] . In our approach we can perform the unitarization by summing up an infinite series of proton-proton bubble diagrams [7] . This gives
where v is the relative velocity of the protons [7] . The cross section of the low-energy p + p → D + e + + ν e scattering is defined
where |M(p + p → D + e + + ν e )| 2 is the squared amplitude averaged over polarizations of protons and summed over polarizations of final particles [7] 
Now we should carry out the integration over the phase volume of the final D e + ν e -state 20) where ξ = m e /ε D and the function f (ξ) is defined by the integral
and normalized to unity at ξ = 0, i.e., f (0) = 1. The cross section of the low-energy two-proton fusion p + p → D + e + + ν e is given by
The cross section is calculated in units ofh = c = 1. The appearance of the factor C 2 (v) agrees with the result obtained by Bethe and Critchfield [4] .
The reaction rate of the process p + p → D + e + + ν e reads [7] < v σ(p + p → D + e + + ν e ) >= 1.03 × 10
where τ is connected with the temperature T [4]
(2.24) and k = 8.62 × 10 −11 MeV · K −1 is the Boltzmann constant. Following [4] we have computed the integral over relative velocities of the protons by a saddle point approximation.
Setting T = T c = 15.5, measured in unites of 10 6 K, where T c is the temperature of the solar core in the Standard Solar model [1, 2] , we obtain τ = 13.56 and the reaction rate is given by
This value differs by a factor of 2.90±0.87 from that calculated within the potential approach [1, 2] (see also Ref. [5] ). In order to reconcile our result with the solar luminosity we must assume that the temperature in the solar core equals T c = 13.8
here we assumed. As has been remarked in Ref. [3] the increase of the magnitude of the cross section of the two-proton fusion leads to a decrease of the temperature in the solar core, and provides a strong suppression of the solar neutrino flux.
The enhancement of the amplitude of the p + p → D + W transition found in our approach is related to the computation of the amplitude in terms of one-nucleon loop diagrams. Indeed, the structure function Eq. (2.10) defining the effective Lagrangian of the p + p → D + W transition is due to the contribution of the anomalous part of the AAV one-nucleon loop diagram [11, 13, 15] . Such an anomalous contribution, produced by vacuum fluctuations of virtual nucleons, has a quantum field theory nature and cannot be obtained within the potential approach describing strong low-energy interactions of the protons and the deuteron in terms of the overlap integral of the wave-functions of two-protons and the deuteron. The ambiguity of the computation of the AAV-anomaly, produced by the shift of virtual nucleon momentum, has been fixed by the requirement of gauge invariance under gauge transformations of the deuteron field [7] . This is very similar to the removal of the ambiguity appearing for the computation of the Adler-BellJackiw-Bardeen anomaly [20] .
Solar neutrino fluxes
The solar neutrino signals S Cl and S Ga obtained in the Gallium [21] and Chlorine [22] experiments, respectively, are given by
where the Solar Neutrino Unit (SNU) is defined as one reaction per second per 10 36 atoms [3] . We have adduced also the data given by KAMIOKANDE experiment [23] (see also Ref. [3] (96) in Ref. [3] ), i.e.,
Φ * i is the neutrino flux, predicted by SSM, and the parameter x in our definition reads
where < v σ(p+p → D+e + +ν e ) S > * is the quantity calculated in the potential approach. The values of the parameters α i are given in Table 1 and can be found in Table X of Ref. [3] . In Table 1 we also adduce the neutrino fluxes that should give the contributions to the signals detected in Gallium and Chlorine experiments. We have normalized our predictions to the results obtained within SSM [2] .
It is seen that our model explains reasonably well the experimental data of the Gallium experiment. For the neutrino flux measured in the Chlorine experiment our model leaves room for possible other contributions. One can see that our prediction for S Kam 
+0.61 (see Table IX of Ref. [3] ) is too small when compared with the KAMIOKANDE experimental data.
Conclusion
We resume the obtained results. We have shown that the relativistic field theory model of the deuteron, describing the strong interactions of the deuteron with hadrons in terms of one-nucleon loop diagrams, has provided contributions of strong interactions to the matrix element of two-proton fusion p + p → D + e + + ν e , that has led to an enhancement of the reaction rate by a factor 2.9 with respect to the computations performed within non-relativistic approaches.
This explains reasonably well the experimental data of the Gallium experiment. For the neutrino flux measured in the Chlorine and KAMIOKANDE experiment we obtain smaller values. This implies that the enhancement of the cross section of the two-proton fusion obtained in our model leads to a suppression of the high energy neutrino fluxes.
In the conclusion let us discuss the estimate of the theoretical uncertainty of the relativistic field theory model of the deuteron. Unfortunately, in our model there is not any small parameter like α = e 2 /4π = 1/137, the fine structure constant in QED or a large parameter N, the number of quark colors in a multicolor extension of QCD with SU(3) c → SU(N) c , that allows to apply the expansion in powers of 1/N, so-called large N-expansion, to quark-gluon diagrams describing strong low-energy interactions of hadrons.
Our effective approach is based on the one-nucleon loop diagram approximation for the description of both the self-interactions of the deuteron and coupling of the deuteron to other particles. By describing the self-interactions of the deuteron at the one-nucleon loop approximation we have fitted all parameters characterizing the physical deuteron. In this case the only way to estimate the theoretical uncertainty of the approach is to compared the one-nucleon loop data with the two-nucleon loop corrections. In Refs. [6, 7] we have calculated the two-nucleon loop correction to the binding energy of the deuteron. This correction reads [6, 7] 
The numerical value of the two-nucleon loop correction makes up about 16% of the binding energy ε D = 2.273 MeV calculated in the one-nucleon loop approximation [7] . Thus the magnitude ∆ = ±16 % might be accepted as a theoretical uncertainty of the relativistic field theory model of the deuteron for amplitudes. The theoretical uncertainty of the cross section should be about 30 %. This agrees well with our prediction for the cross section of the radiative neutron-proton capture. Indeed, the theoretical value σ(n + p → D + γ) = 276 mb [7] is in agreement with the experimental data σ(n + p → D + γ) exp = (334.2 ± 0.5) mb with an accuracy of 22 %. By taking into account the theoretical uncertainty, the cross section of the radiative neutron-proton capture should read: σ(n + p → D + γ) = (276 ±83) mb. Taking into account the theoretical uncertainty of the model we predict for the two-proton fusion reaction rate an enhancement by a factor of 2.90 ± 0.87 compared to the potential approach.
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